INTRODUCTION
Consistent with these findings, it has been suggested that appearance of the two viral glycoproteins at the surSindbis virus is a small, enveloped RNA virus that repliface of Sindbis virus-infected cells temporally correlates cates in and kills vertebrate cells grown in culture. Cell with rapid development of cytopathic lesions (Frolov and killing induced by Sindbis virus and other members of Schlesinger, 1994) . the alphavirus group is characterized by the rapid inhibiAn alteration in monovalent cation transport is among tion of host-directed macromolecular synthesis, alterthe earliest cytopathic responses that are detected in ations in the intracellular concentrations of metabolites Sindbis virus-infected cells (Ulug et al., 1984) , and ensuand ions, and structural and enzymatic changes in the ing changes in the intracellular concentrations of Na / cell membrane (reviewed in Kääriäinen and Ranki, 1984;  and K / may contribute to the rapid killing of virus-infected Ulug et al., 1987) . Ultimately, cells productively infected cells (Garry et al., 1979; Ulug and Bose, 1985 ; Garry, with alphaviruses enter programmed cell death or 1994). Alterations in intracellular monovalent cation levapoptosis (Levine et al., 1993; Ubol et al., 1994) . Recent els in Sindbis virus-infected chick cells result, at least in studies using alphavirus replicon systems have revealed part, from a reduction in the activity of the ouabain-sensithat although expression of early, nonstructural viral protive Na / K / ATPase, or Na / pump (Ulug et al., 1984) . Inhiteins is sufficient to account for inhibition of host protein bition of Na / pump activity in cells infected with Sindbis synthesis, this event per se cannot account for the rapid virus was defined by a reduction in the V max for ouabaindevelopment of cytopathic changes in cells infected by sensitive K / influx. The number of ouabain binding sites alphaviruses (Liljeström and Garoff, 1991; Frolov and present on the cell surface was unaltered as a conseSchlesinger, 1994). Instead, the rapid induction of cytoquence of Sindbis virus infection, suggesting that inhibipathic lesions in cells infected by alphaviruses may retion of Na / pump activity results from a reduction in the sult from damage to the cell membrane. Rapid developspecific activity of the enzyme. ment of cytopathic changes in Sindbis virus-infected cul-
The Na / K / ATPase catalyzes active transport of Na and Bose, 1985) , a glycosylation inhibitor that blocks matometry of 3Na / :2K / :1ATP (reviewed in Kyte, 1981 ; Joruration of the viral envelope proteins (Leavitt et al., 1977 (Leavitt et al., ). gensen, 1982 Cantley et al., 1983; Farley et al., 1994) . In addition to maintaining a high intracellular concentration of K / and a low intracellular concentration of to the formation of an ionic potential across the cell with 5% newborn calf serum (NCS) in a humidified 5% CO 2 atmosphere at 37Њ. Cells were mock-infected by the membrane. Purified preparations of the Na / K / ATPase consist of at least two polypeptide species, an alpha addition of MEM or infected with the HR strain of Sindbis virus (Burge and Pfefferkorn, 1966) in MEM at a multiplicsubunit of 94 -106 kDa and a beta subunit of 41 -52 kDa, although a third or gamma subunit may also be ity of approximately 20. After adsorption for 1 hr at 37Њ (0 hr postinfection), cultures were rinsed and incubated present (Mercer et al., 1993) . The alpha subunit is the catalytic component of the Na / K / ATPase and contains in MEM containing 2% NCS to initiate the experiments. the ATP binding site (Castro and Farley, 1979; Smith Plasma membrane isolation et al., 1980; Ponzio et al., 1983; Shull et al., 1985) as well as the binding site for the cardiac glycoside oua-
The enrichment of plasma membranes from approxibain (Rossi et al., 1982; Shull et al., 1985) . The beta mately 1 1 10 8 cells was performed according to the subunit is a sialoglycoprotein which may function durprocedure of Erwin and Brown (1980) with slight modifiing transport and membrane assembly of the alpha cations. Infected or mock infected cultures were washed subunit (Sweadner and Goldin, 1980; Freytag, 1983;  twice in calcium and magnesium-free PBS and twice in McDonough et al., 1990) . The function of the gamma ET buffer (1 mM EDTA, 10 mM Tris/HCl, pH 8.0). This and subunit is presently unknown (Mercer et al., 1993) .
future steps were performed at 4Њ. Cells were allowed to The Na / K / ATPase undergoes a series of partial reacswell for 10 min, after which they were triturated from tions that correlate with the binding and transport of mothe dishes. Fifteen strokes of a tight-fitting dounce honovalent cations (reviewed by Jorgensen, 1982) . The mogenizer was sufficient to rupture the cells, as moniNa / K / ATPase exists in two conformations which have tored by phase contrast microscopy. Nuclei were rebeen identified by tryptic mapping and fluorescence lamoved by centrifugation at 1,000 g for 5 min in a swinging beling (Jorgensen and Peterson, 1982) . Stabilized in the bucket rotor. The postnuclear supernatant was centripresence of Na / , the E1 conformation is phosphorylated fuged in a Beckman Type 40 rotor at 30,000 RPM for 1 in the presence of Mg 2/ and ATP to yield E1 Ç P (Avruch hr. The membrane-containing pellet was suspended in and Fairbanks, 1972; Post et al., 1972 Post et al., , 1973 . A conforma-0.5 ml ET buffer and mixed with 3 vol 65% w/w sucrose tional shift to E2 Ç P can be selectively blocked by addiin ET. This was placed in a SW41 centrifuge tube and tion of N-ethylmaleimide or oligomycin (Wallick et al., sequentially overlaid with 44, 39, 34, and 24% w/w su-1978). In the presence of K / , E2 Ç P is rapidly dephoscrose in ET. Tubes were centrifuged 12-18 hr at 30,000 phorylated (Glynn and Karlish, 1975 ). This step is oua-RPM in the SW41 rotor. Samples were removed by puncbain-sensitive (Avruch and Fairbanks, 1972) . Dephosturing the bottom of the tubes and interface fractions, phorylated E2 will revert to E1 in the presence of Na / in identified by A 280 profiles, were collected. Membrane a vanadate-sensitive conformational shift (Cantley, 1978;  preparations were diluted with ET buffer and collected Karlish et al., 1979) .
by centrifugation in a Type 40 rotor at 30,000 RPM for 1 This investigation was initiated to define the mechahr. Pellets were suspended to a final protein concentranism by which Sindbis virus infection of avian cells tion of approximately 0.5 mg/ml (Bradford, 1976) P]ATP when membranes were incubated in the presence and absence of per 35-mm 6-well or 2.4 1 10 6 per 100-mm plastic culture dish. Cultures were propagated in minimal essential me-5 mM KCl. After incubation at 37Њ for 30 min, 0.1 ml 50% (w/w) trichloroacetic acid (TCA) was added to terminate dium (MEM) containing Earle's salts and supplemented the reactions. Inorganic phosphate was extracted by the Polyacrylamide gel electrophoresis at acid pH isobutanol-benzene procedure of Penniall (1966) and
The acylphosphate linkage of the phosphorylated inaliquots of the organic phases were quantitated by Certermediate of the Na / K / ATPase is labile at neutral and enkov counting in a beta counter. Release of inorganic alkaline pH and, therefore, polyacrylamide gel electrophosphate from [g-32 P]ATP was linear for approximately phoresis at acid pH was employed to analyze phosphory-60 min under these conditions. lated products (Amory et al., 1980 Ci/mg) as described previously (Ulug and Bose, 1985) . [g-32 P]ATP was performed essentially as described Briefly, triplicate cultures of mock-infected or Sindbis- (Avruch and Fairbanks, 1972) . Membranes (1-5 mg proinfected cells (4 hr p.i.) were incubated in phosphatetein) were incubated in a total volume of 0.1 ml containing buffered saline containing tracer amounts of either 100 mM NaCl, 5 mM MgCl 2 , and 10 mCi [g- NaCl for 2 min in the presence or 3000 Ci/mmol). After 1 min at 4Њ, reactions were termiabsence of 100 mM ouabain at 37Њ. Cells were then rapnated by addition of ice-cold TCA and processed as deidly rinsed with ice-cold PBS, air dried, and dissolved in scribed above. Background values for ATP-dependent NaOH (0.1 N). Under these conditions,
86
Rb / transport phosphorylation reactions were performed with 100 mM into cells was linear for at least 30 min and 22 Na / transKCl substituted for NaCl. Under these conditions, the port into cells was linear for at least 3 min. Protein concatalytic subunit of the Na / pump was not phosphorytent was determined by using the method of Bradford lated and no difference in the densitometry scannings of (1976) after neutralization of cell extracts with HCl. other phosphorylated polypeptides could be detected. When indicated, membranes were incubated with 2 mg/ RESULTS ml oligomycin (Sigma) which was added from a 5001 stock solution in 95% ethanol. Ethanol did not affect the Na / K / ATPase activity is reduced in membranes of phosphorylation reactions at the concentrations used.
Sindbis virus-infected cells To determine the rate of enzyme dephosphorylation, membranes (1-5 mg) were incubated in a total volume Previous studies revealed a reduction in Na 
Rb
/ following of 0.1 ml containing 25 mM NaCl, 3 mM MgCl 2 , and 10 mCi [g-32 P]ATP (NEN, 3000 Ci/mmol). After 30 sec at 4Њ, infection of cells with Sindbis virus (Ulug et al., 1984; Ulug and Bose, 1985) . Reduced intracellular levels of ATP have 0.1 nmol (in 10 ml) unlabeled ATP was added to the phosphorylation reactions in the presence or absence been detected in alphavirus infected cells (Cassells and Burke, 1973; Whitehead et al., 1981) and could account for of KCl. Dephosphorylation reactions were terminated by addition of TCA and processed as described above.
the reduction in ouabain-sensitive ion transport. To test whether the reduction in Na / pump activity detected in Background values for the dephosphorylation reactions were performed by using 25 mM KCl substituted for NaCl.
Sindbis virus-infected cells is direct, Na / K / ATPase activity infected with Sindbis virus does not result from soluble factors (e.g., ATP or Na / ) which have been demonstrated to regulate Na / pump activity in intact cells (Rossier et al., 1987) . -dependent reaction (Resh, 1982 bain resulted in the phosphorylation of a single polypeptide species (M r Å 95 kDa) that was resolved by acidic gel electrophoresis in the presence of the anionic deterwas measured in membrane fractions derived from virusgent hexadecylpyridinium chloride (Fig. 2, lane 1 MgCl 2 in the presence of 100 mM NaCl (lanes 3 and 4), 100 mM infection (not shown).
Phosphorylation of the Na
NaCl and 5 mM KCl (lanes 5 and 6), 100 mM KCl (lanes 7 and 8), or 100 mM NaCl and 2 mg/ml oligomycin (lanes 9 and 10). Lanes 1,
The reduction in Na reported previously (Ulug et al., 1984) . These results exposed for 24 hr at 070Њ using Kodak XAR-2 film with an enhancing screen.
indicate that the reduction in ion transport by cells shown), confirming its identity as the Na / K / ATPase catalytic subunit. When uninfected and Sindbis virus-infected cell membranes were analyzed under these conditions, equivalent amounts of the 95 kDa phosphoprotein product were generated (compare intensities of bands in lanes 1 and 2) .
Identification of the 95-kDa protein as the catalytic subunit of the Na / K / ATPase was confirmed by phosphorylation of chick cell membrane proteins with [g-32 P]ATP in the presence of NaCl and MgCl 2 . Under conditions of this assay, acid-stable phosphorylation of two prominent polypeptide species was observed. As illustrated in lanes 3 and 4, one had an apparent molecular weight of 95 kDa and comigrated with the protein phosphorylated in the presence of [ 32 P]orthophosphate, MgCl 2 , and ouabain (lanes 1 and 2) . Phosphorylation of the 95-kDa protein was not observed when KCl was substituted for NaCl in the reaction mixture (lanes 7 and 8). In the presence of 100 mM NaCl, addition of KCl (to 5 mM) resulted in a significant reduction in recovery of the 95-kDa phosphoprotein (lanes 5 and 6). Finally, incubation of membranes in the presence of oligomycin resulted in a 5-to 10-fold increase in phosphorylation of the 95-kDa product (lanes 9 and 10). These results confirm the identity of the 95-kDa protein as the catalytic subunit of the Na / K / ATPase and indicate that infection of cells with Sindbis virus did not affect either the formation or electrophoretic mobility of this product. No consistent difference in phosphorylation of the 95-kDa protein was detected under any of these conditions when assays were performed using membranes derived from uninfected and virus-infected cells (compare intensities of even and odd lanes in Fig.  2 ). The identity of the larger, 130-kDa protein is not known, but was apparently unaffected by the conditions which affect formation of Na / pump phosphorylated in- Sindbis virus-infected cells was determined. Membrane
Background binding was subtracted to give these results. Each datum preparations were exposed to various concentrations of point represents the mean of triplicate determinations.
[ 32 P]orthophosphate in the presence of MgCl 2 and ouabain for 15 min (a time resulting in maximal phosphorylation), then precipitated and washed extensively with TCA.
served when membranes derived from uninfected and Sindbis virus-infected cultures were compared. Background binding was measured in parallel reaction mixtures lacking ouabain and MgCl 2 . As illustrated in
To quantitate the maximal phosphorylation capacity of membranes derived from uninfected and Sindbis virus- (Ulug et al., 1984) . b The number of Na / pump sites represents the maximum ouabain binding capacity of uninfected and Sindbis virus-infected cells (Ulug et al., 1984 al., 1984) . The rate of ATP hydrolysis in uninfected and
The kinetics of Na / K / ATPase dephosphorylation difSindbis virus-infected cell membranes under V max condifered markedly when phosphoenzymes prepared from tions is derived from Fig. 1 . The ratio of enzymatic turnuninfected and Sindbis virus-infected cell membranes over in cells and membrane preparations has been utiwere analyzed (Fig. 4) . Extrapolation of results from this lized to calculate the efficiency of Na / pump activity in experiment revealed that the phosphoenzyme prepared cells (Resh, 1982) . Assuming a 2:1 stoichiometry for K / from membranes of uninfected cells exhibited an appartransport and ATP hydrolysis, the efficiencies for Na / ent half life (T 1/2 ) of approximately 15 sec. Phosphoenpump activity in uninfected and Sindbis virus-infected zyme prepared from Sindbis virus-infected cell memcells were 0.45 and 0.50, respectively. The efficiency of branes was less stable, having a T 1/2 of 7.2 sec. PrelimiNa / pump activity was not significantly altered as a connary experiments demonstrated that both untreated and sequence of Sindbis virus infection.
oligomycin-treated enzymes were half maximally inhibited by addition of 50 mM K / in the phosphorylation reacKinetics of Na / K / ATPase dephosphorylation tion mixture (data not shown). Therefore, to test whether A reduction in the specific activity of the Na / K / ATPase K / stimulated dephosphorylation of the Na / K / ATPase, would predict that one or more partial reactions of this KCl was included with unlabeled ATP in the dephosphorenzyme is altered during the course of virus infection. ylation reaction mixture. Addition of 50 mM KCl stimulated The phosphorylation studies (Figs. 2 and 3 ) indicated that dephosphorylation of the phosphoenzyme in both uninevents leading to formation of phosphoenzyme interfected and virus-infected cell membranes. However, the mediates could not account for the reduction in rate of K / -stimulated enzyme dephosphorylation (the difference in rates in the presence and absence of KCl) Na / K / ATPase activity in Sindbis virus-infected cells. We reduction in the intracellular concentration of K
